Introduction {#s1}
============

Noroviruses are the major cause of non-bacterial epidemic gastroenteritis and an important cause of endemic gastroenteritis. Recent estimates have shown that noroviruses could be responsible for up to 200,000 deaths each year in children under 5 years of age in developing countries [@pone.0067592-Patel1], [@pone.0067592-Green1].

Noroviruses are non-enveloped viruses that possess a single-stranded, positive-sense RNA genome that is divided into three open reading frames (ORF). ORF1 encodes the nonstructural proteins, ORF2 encodes the major capsid protein (VP1) and ORF3 encodes a small basic protein (VP2), which has been associated with capsid stability [@pone.0067592-Green1], [@pone.0067592-BertolottiCiarlet1]. The expression of VP1 results in the self-assembly of virus-like particles (VLPs) that have been shown to be morphologically and antigenically similar to the native virion [@pone.0067592-Jiang1], [@pone.0067592-Green2]. Recent clinical studies have shown that norovirus VLPs are safe, induce humoral and mucosal immune responses, and prevent illness in adults challenged orally with the same strain [@pone.0067592-Atmar1]--[@pone.0067592-Tacket1].

The norovirus genome is enclosed within an icosahedral capsid, which is formed by 180 molecules of VP1 organized into 90 dimers. Each VP1 monomer is divided into two major structural domains: the shell (S) and protruding (P). The S domain forms the icosahedral scaffold from which the P domain projects to form arch-like structures [@pone.0067592-Prasad1]. Because of the exposed nature of the P domain, it contains the determinants of cell attachment as well as major antigenic sites [@pone.0067592-Debbink1]--[@pone.0067592-Parra1].

Based on amino acid differences of the VP1, noroviruses are currently classified into six different genogroups (GI-GVI), which present over 30 genotypes [@pone.0067592-Green1], [@pone.0067592-Mesquita1]. Thus, like many other RNA viruses [@pone.0067592-Duffy1], noroviruses exhibit marked diversity that has hampered the development of a broadly cross-reactive vaccine as well as a universal method of detection. Human noroviruses have not yet been propagated in cell culture. Norovirus VLPs have facilitated the development of hyperimmune sera and monoclonal antibodies (MAbs), which have been useful for characterization of antigenic sites of the virus capsid and for the development of detection systems [@pone.0067592-Debbink1], [@pone.0067592-Lindesmith1], [@pone.0067592-Parra1], [@pone.0067592-Parker1]--[@pone.0067592-Bok1]. Immunoassays for rapid and easy detection of norovirus have been improved with the inclusion of new broadly cross-reactive antibodies [@pone.0067592-Geginat1].

Here we describe the identification of a novel broadly cross-reactive MAb that targets five residues (52--56) of the S domain that are conserved among all strains from the six genogroups described for noroviruses. This broadly cross-reactive MAb constitutes a valuable reagent for diagnosis and study of human and animal noroviruses.

Materials and Methods {#s2}
=====================

Ethics Statement {#s2a}
----------------

Animal experiments and MAb production were carried out at BioGenes GmbH (Berlin, Germany), following German and European guidelines as well as the NIH/OLAW Animal Welfare assurance guidelines (\#A5755-01). Animal protocols were approved by the Institutional Animal Care and Use Committee of BioGenes GmbH. All efforts were made to reduce stress and minimize suffering.

Expression and purification of VLPs {#s2b}
-----------------------------------

The expression and purification of the VLPs from Hu/NoV/GI.1/Norwalk/1968/US (NV), Hu/NoV/GI.3/DesertShield395/1990/US (DSV), Hu/NoV/GII.1/Hawaii/1971/US (HV), Hu/NoV/GII.2/SnowMountain/1976/US (SMV), Hu/NoV/GII.3/Toronto24/1991/CA (TV), Hu/NoV/GII.4/MD2004-3/2004/US (MD2004-3), and Hu/NoV/GIV.1/SaintCloud624/1998/US (SCV), and Mink Vesivirus are described elsewhere [@pone.0067592-Jiang1], [@pone.0067592-Green2], [@pone.0067592-Parra1], [@pone.0067592-Lew1], [@pone.0067592-Leite1]. A recombinant plasmid encoding the VP1 protein of MNV-1 was used to transform *Escherichia coli* (strain BL21), and was grown in kanamycin until it reached an OD of 0.6. Then isopropylthio-galactoside (Invitrogen) was added to a final concentration of 0.8 mM to induce protein expression overnight at 37 °C. To purify recombinant MNV-1 VP1 protein, immobilized metal affinity chromatography was performed, following the protocol described by Holzinger et al. [@pone.0067592-Holzinger1].

Production of MAb {#s2c}
-----------------

BALB/c mice were immunized intraperitoneally with TV VLPs in equal volumes of Freund\'s complete adjuvant (priming) or incomplete adjuvant (boosting). After testing the serum titers, mice were sacrificed by inhalational isoflurane anesthesia followed by cervical dislocation, and spleen cells were isolated and fused with myeloma cells as described previously [@pone.0067592-Kohler1]. All positive clones producing IgG against TV VLPs were selected for further cloning by limiting dilution. The reactivity of the single clone hybridoma supernatants was tested against TV VLPs and positive-cells were collected for further characterization.

Enzyme-linked immunosorbent assay (ELISA) {#s2d}
-----------------------------------------

The reactivity of a MAb (designated TV20) with norovirus VLPs was examined by ELISA as described elsewhere [@pone.0067592-Parra1]. Briefly, 96-well polyvinyl microtiter plates (Thermo, Milford, MA) were coated with 50 ng/well of purified VLPs and incubated overnight at 4 °C. Wells incubated with PBS alone were used as a negative control for MAb binding. Wells were washed with PBS containing 0.1% Tween 20 (PBS-T) and blocked with PBS 5% fat free milk for 1 h at room temperature (RT). MAb TV20 was used at 5 µg/mL and adsorbed for 2 h at RT, and detected with horseradish peroxidase (HRP)--conjugated goat anti-mouse immunoglobulin G (1∶2,000 dilution; KPL, Gaithersburg, MD) and 2,2′-azino-bis(3-ethylbenzthiazoline-6-sulphonic acid) (ABTS) (KPL). The binding of VLPs to the plate was confirmed with guinea pig hyperimmune sera (1∶500 dilution) raised against each of the homologous VLPs; except for GII.2 VLPs in which GII.1 hyperimmune serum was used.

Western blot analyses {#s2e}
---------------------

Reactivity of MAb TV20 with Norovirus VLPs was analyzed by Western blot. Briefly, 2.5 mg of VLPs were mixed with Novex® 2× Tris-Glycine SDS loading buffer (Invitrogen, Carlsbad, CA), boiled for 5 min at 95 °C, and separated by SDS-PAGE. The proteins were electroblotted onto a nitrocellulose membrane using the iBlot® Dry Blotting System (Invitrogen). The membrane was blocked with PBS 5% fat free milk for 1 h at RT. MAb TV20 (1∶10,000) was adsorbed for 2 h at RT and the binding was detected with HRP--conjugated goat anti-mouse immunoglobulin G (1∶2,000) and SuperSignal® West Pico Chemiluminescent Substrate (Thermo Scientific, Rockford, IL).

Peptide screening {#s2f}
-----------------

Libraries of 17-mer overlapping biotinylated-peptides (offset of 5 residues) from the Shell domain of the NV major capsid protein were used to characterize the binding sites of the MAb as recommended by the manufacturer (Mimotopes, Melbourne, Australia). Briefly, biotinylated-peptides were incubated overnight at 4°C in NeutriAvidin-coated plates (Thermo Scientific), and the excess was washed with PBS-T 1% bovine serum albumin (BSA; Sigma, MO). MAb TV20 was incubated for 2 h in PBS-T BSA 0.1% and reactivity was determined by incubation with a HRP-conjugated goat anti-mouse immunoglobulin G (1∶2,000 dilution; KPL), and peroxidase substrate ABTS (KPL). Biotinylated Norwalk VLPs were used for binding (positive) control, and non-biotinylated Norwalk VLPs as negative control.

Cloning of putative epitope {#s2g}
---------------------------

The putative epitope of MAb TV20 was inserted into the C-terminal end of the green fluorescent protein (GFP) with primers engineered to carry the MAb TV20 epitope and specific restriction sites ([Table 1](#pone-0067592-t001){ref-type="table"}). A pCI-GFP was used as a template and amplicons were digested with XbaI and SalI and cloned into a pCI vector with Rapid DNA Ligation Kit (Roche Applied Science, Germany). Each of the products was transformed into TOP10 competent cells (Invitrogen). Transformed cells were grown overnight in LB plates with carbenicillin (50 µg/mL), and individual colonies were used for plasmid amplification and purification. The resulting plasmids were subjected to sequencing analysis to verify the presence of the MAb TV20 epitope.

10.1371/journal.pone.0067592.t001

###### Primers used for cloning and site-directed mutagenesis[\*](#nt101){ref-type="table-fn"}

![](pone.0067592.t001){#pone-0067592-t001-1}

  Primer Name                                            Sequence 5′ → 3′
  --------------- -----------------------------------------------------------------------------------------------
  TV20(51--57)f    GGATCACACATGGCATGGACGAGCTGTACAAG[CCTATTGATCCCTGGATAATT]{.ul}TGAGCGGCCGCCGACTAGTGAGCTCGTCGACCC
  TV20(51--57)r    GGGTCGACGAGCTCACTAGTCGGCGGCCGCTCA[AATTATCCAGGGATCAATAGG]{.ul}CTTGTACAGCTCGTCCATGCCATGTGTGATCC
  TV20(52--56)f       GGATCACACATGGCATGGACGAGCTGTACAAG[ATTGATCCCTGGATA]{.ul}TGAGCGGCCGCCGACTAGTGAGCTCGTCGACCC
  TV20(52--56)r       GGGTCGACGAGCTCACTAGTCGGCGGCCGCTCA[TATCCAGGGATCAAT]{.ul}CTTGTACAGCTCGTCCATGCCATGTGTGATCC
  TV20(52A)f                                    GACAAGTTAATCCT**GC**TGATCCCTGGATAAT
  TV20(52A)r                                    ATTATCCAGGGATCA**GC**AGGATTAACTTGTC
  TV20(53A)f                                    GACAAGTTAATCCTATTG**C**TCCCTGGATAAT
  TV20(53A)r                                    ATTATCCAGGGA**G**CAATAGGATTAACTTGTC
  TV20(54A)f                                    CAAGTTAATCCTATTGAT**G**CCTGGATAATTA
  TV20(54A)r                                    TAATTATCCAGG**C**ATCAATAGGATTAACTTG
  TV20(55A)f                                    GTTAATCCTATTGATCCC**GC**GATAATTAATA
  TV20(55A)r                                    TATTAATTATC**GC**GGGATCAATAGGATTAAC
  TV20(56A)f                                   CCTATTGATCCCTGG**GC**AATTAATAATTTTGTG
  TV20(56A)r                                   CACAAAATTATTAATT**GC**CCAGGGATCAATAGG

Insertions of the MAb TV20 epitope in pCI-GFP vector are underlined. Point mutations in pCI-NV-VP1 are shown in bold.

Mutagenesis analyses {#s2h}
--------------------

The VP1 coding region (ORF2) of the NV was amplified and cloned into a pCI vector using the restriction sites *Sal*I and *Not*I as described elsewhere [@pone.0067592-Parra1]. Site-directed mutagenesis of pCI-NV was performed using the QuikChange Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA), and complementary forward and reverse primers that carried the nucleotide mutations ([Table 1](#pone-0067592-t001){ref-type="table"}). The restriction enzyme *Dpn*I (10 U/ µl) was used to digest the parental DNA. Each of the mutated products was transformed into XL10-Gold® ultracompetent cells (Stratagene). Transformed cells were grown overnight in LB plates with carbenicillin (50 µg/ml), and individual colonies were used for plasmid amplification. The resulting plasmids were subjected to sequencing analysis to verify the entire VP1 coding region and confirm the presence of introduced mutations.

Immunofluorescence microscopy {#s2i}
-----------------------------

Vero cells were plated in 96-well plates at 80,000 cells/well, and infected with modified vaccinia virus expressing bacteriophage T7 RNA polymerase (MVA-T7) at MOI = 1 PFU/cell for 1--2 h [@pone.0067592-Wyatt1]. After infection, cells were transfected with 400 ng/well of each DNA construct, Lipofectamine™ LTX and Plus Reagent (Invitrogen) following manufacturer\'s recommendations. Cells were incubated for 24 h and fixed with cold methanol for 20 min. The optimal dilution (1∶200) of MAb was determined by serial dilutions. Goat anti-mouse immunoglobulin G (H+L) conjugated with Alexa Fluor 594 (Molecular Probes-Invitrogen, Carlsbad, CA) was used for detection. Expression of GFP (prior to fixation) or guinea pig hyperimmune sera raised against Norwalk VLPs and goat anti-guinea pig immunoglobulin G (H+L) conjugated with Alexa Fluor 594 (Molecular Probes-Invitrogen) were used to confirm the expression of the vectors. RAW264.7 cells infected with murine norovirus (MNV-1; MOI = 1), were used to assess the reactivity with MAb TV20 following the same procedure as described above.

Blocking of VLPs binding to synthetic ABH histo-blood group antigens (HBGA) by MAb {#s2j}
----------------------------------------------------------------------------------

The ability of MAb TV20 to block the binding of MD2004-3 to B carbohydrate was determined as described previously [@pone.0067592-Parra1]. First, different concentrations of MAb (10-fold dilutions, starting at 1.5 µg/ml) were pre-incubated with 1.5 µg/ml of MD2004-3 VLPs for 2 h. The VLPs (in the presence or absence of MAb) were added to carbohydrate coated-plates and incubated for 1 h. The binding of captured MD2004-3 VLPs was determined by incubation with guinea pig hyperimmune serum (1∶2,000 dilution), followed by incubation with a HRP-conjugated goat anti-guinea pig immunoglobulin G (1∶2,000 dilution; KPL), and peroxidase substrate ABTS (KPL). The percentage of blocking was calculated using the value obtained from VLPs that were not pre-incubated with MAb. The blocking of ≤50% of binding was considered the cut-off value [@pone.0067592-LoBue1], [@pone.0067592-Harrington1].

Protein modeling {#s2k}
----------------

The solved structure of the VP1 of NV (GI.1) (Protein Data Bank \[PDB\] accession number (1IHM) was used to identify the residues involved in the binding with MAb TV20 and visualized by using UCSF Chimera [@pone.0067592-Pettersen1].

Results and Discussion {#s3}
======================

After immunization with VLPs from the human strain Hu/GII.3/Toronto24/1991/CA, a murine MAb (TV20) was identified that reacted with norovirus VLPs from strains representing the three genogroups that infect humans (i.e. GI, GII and GIV; [Fig. 1a](#pone-0067592-g001){ref-type="fig"}). Titration curve shows that 40 ng/mL of the MAb can still detected VLPs by ELISA ([Fig. 1b](#pone-0067592-g001){ref-type="fig"}), being the EC50 = 0.3048 µg/mL. Interestingly, MNV-1 infecting RAW264.7 cells was also detected by immunofluorescence using MAb TV20 ([Fig. 1b](#pone-0067592-g001){ref-type="fig"}).

![Monoclonal antibody (MAb) TV20 cross-reacts with noroviruses from different genogroups.\
(A) Reactivity of MAb TV20 against norovirus VLPs representing three genogroups (GI, GII, and GIV) as determined by ELISA. Mink calicivirus VLPs were used as a negative control. (B) Representative concentration curve of the MAB TV20 and NV VLPs. (C) Reactivity of MAb TV20 against RAW264.7 cells infected with MNV-1. Uninfected cells (right panel) were used as negative control. (C) Western blot of MAb TV20 against representative norovirus VP1s (GI, GII, GIV, and GV). VLPs nomenclature and experimental details are described in *Materials and Methods*.](pone.0067592.g001){#pone-0067592-g001}

Immunoblots performed with the denatured VP1 protein from different norovirus strains suggested that the MAb TV20 binds to a linear epitope conserved among the tested strains ([Fig. 1c](#pone-0067592-g001){ref-type="fig"}). Therefore, because of the cross-reactive nature of the MAb and the known sequence conservation in the S domain [@pone.0067592-Prasad1], we tested by ELISA the reactivity of the MAb TV20 against a library of overlapping linear peptides (17-mer length) that span the entire S domain of the NV VP1. We found that two consecutive peptides reached optical density (OD) values similar to the positive control, while a third adjacent peptide showed OD values \>7 times higher than the negative control ([Fig. 2a](#pone-0067592-g002){ref-type="fig"}). The three consecutive peptides (a2-c2) that yielded a positive value spanned residues 41--67 of the VP1 protein from NV. A detailed analysis of the sequence of these three peptides showed that they share seven common residues (^51^PIDPWII^57^; [Fig. 2a](#pone-0067592-g002){ref-type="fig"}). To confirm the data obtained with the peptide library, we incorporated the nucleotide sequence encoding the putative epitope (aa 51--57) at the 3′ end of a GFP gene and cloned the engineered sequences into a eukaryotic expression vector. GFP expression (prior to methanol cell monolayer fixation) was used to confirm the expression of the vectors. Cells that transiently expressed the peptide (aa 51--57) fused with GFP were positive for reactivity with MAb TV20 by immunofluorescence ([Fig. 2b](#pone-0067592-g002){ref-type="fig"}), confirming the peptide scanning data and showing also that the epitope could be transferred into an expression system.

![MAb TV20 binds to the Shell domain of the capsid protein.\
(A) Reactivity of MAb TV20 with library of peptides corresponding to the Shell domain of NV. Positive peptides span residues 41--67 from NV VP1 protein. The common residues of the three positive peptides are underlined. (B) Reactivity of MAb TV20 with cells expressing the putative epitope (residues 51--57) fused at the C-terminus of the green fluorescent protein. Experiments were performed as described in *Materials and Methods*.](pone.0067592.g002){#pone-0067592-g002}

An alignment of the VP1 from representative strains of all genotypes described thus far for the genus *Norovirus* showed that multiple substitutions were found at residues 51 and 57 ([Fig. 3a](#pone-0067592-g003){ref-type="fig"}), while residues 52--56 were highly conserved. The cross-reactive nature of MAb TV20 suggested that the conserved residues might be required for binding. This was confirmed by cloning and transient expression of GFP fused to the peptide ^52^IDPWI^56^ at its C-terminal end ([Fig. 3b](#pone-0067592-g003){ref-type="fig"}). Analysis of the X-ray structure of NV VP1 protein revealed that residues 52--56 are located in an exposed area at the beginning of the S domain, but inside the viral particle ([Fig. 3c](#pone-0067592-g003){ref-type="fig"}). In order to determine which residues are required for MAb TV20 binding, we performed alanine scanning mutagenesis of residues 52--56 of the NV VP1. Only construct D53A, in which the aspartic acid at position 53 was replaced with alanine, showed a loss of reactivity with MAb TV20 ([Fig. 4](#pone-0067592-g004){ref-type="fig"}). This suggests that either D53 is an important residue involved directly in MAb TV20 binding, or that the alanine mutation at this position affected the conformation of the epitope in its interaction with MAb TV20.

![Putative epitope from MAb TV20 is highly conserved among noroviruses.\
(A) Amino acid alignment (residues 51--57) from representative noroviruses from the six genogroups described. Same residue is represented by a dot. MAb TV20 reactivity is indicated on the right-hand side: "+" positive, "NT" not tested. (B) Reactivity of MAb TV20 with cells expressing the putative epitope (residues 52--56) fused at the C-terminus of the green fluorescent protein. Experiments were performed as described in *Materials and Methods*. (C) Structure of NV VP1 (PDB: 1IHM) showing the location of the putative epitope from MAb TV20 (highlighted in red) in the context of the VP1 dimer and the whole capsid. The domains of the VP1 are shown on the right-hand side.](pone.0067592.g003){#pone-0067592-g003}

![Reactivity of MAb TV20 with NV capsid proteins carrying point mutations.\
Immunofluorescence staining results from Vero cells transfected with different DNA constructs. Mutations of the VP1 from NV (pCI-NV) were introduced by using specific primers and the QuikChange Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA) following the manufacturer\'s recommendations. pCI expressing GFP was used as negative control. Hyperimmune sera against NV (α-NV) was used as a control to detect VP1 expression.](pone.0067592.g004){#pone-0067592-g004}

Norovirus VLPs interact with carbohydrates from the HBGA [@pone.0067592-Green1], [@pone.0067592-Harrington1], [@pone.0067592-Tan2], and the blocking of norovirus HBGA binding sites by antibodies in the sera from human volunteers has been shown to correlate with protection from illness [@pone.0067592-Reeck1]. Because of this, assays that measure the blocking of VLP:HBGA interactions have been used as a surrogate for norovirus neutralization [@pone.0067592-Bok1], [@pone.0067592-Harrington1], [@pone.0067592-Reeck1]. Although it would be expected that MAbs that map to the P domain will be involved in blocking the VLP:HBGA interaction, we recently showed that a GII.4 MAb that maps to the S domain could partially block VLP:HBGA interaction [@pone.0067592-Parra1]. We tested the ability of MAb TV20 to block the interaction of GII.4 VLPs with HBGAs, but no blocking activity was detected at any of the concentrations tested ([Fig. 5](#pone-0067592-g005){ref-type="fig"}).

![MAb TV20 fails to block the binding of GII.4 VLPs with histo-blood group antigens (HBGA).\
Percent binding of MD2004-3 (GII.4 strain) VLPs to B carbohydrate in the presence of different concentrations of MAb TV20 was calculated as described in *Materials and Methods*. Pre-immune sera and hyperimmune sera (α-MD2004-3) from immunized guinea pigs were used as negative and positive control, respectively. Error bars represent the S.E.M. Dashed line represents the 50% blocking cut-off value.](pone.0067592.g005){#pone-0067592-g005}

MAbs have proven useful as tools for study of viral immunity, pathology, epidemiology, and they may also have therapeutic applications [@pone.0067592-Kwong1]--[@pone.0067592-Balazs1]. The expression of norovirus VP1 protein has facilitated the development of MAbs, which have been important for studies of antigenic diversity as well as the development of diagnostic tests [@pone.0067592-Lindesmith1], [@pone.0067592-Parra1], [@pone.0067592-Parker1], [@pone.0067592-Batten1], [@pone.0067592-Shiota1], [@pone.0067592-Li1], [@pone.0067592-Geginat1]--[@pone.0067592-deBruin1]. Several cross-reactive antibodies have been described and characterized for noroviruses. Most of them target the conserved S domain or the C-terminal region of the P1 domain [@pone.0067592-Parra1], [@pone.0067592-Parker1]--[@pone.0067592-Shiota1], [@pone.0067592-Yoda1]--[@pone.0067592-Almanza1], but none of them have been shown to target an epitope conserved across the entire *Norovirus* genus. Interestingly, a MAb developed against bovine strains (GIII), which maps to the S domain between residues 31--39, was shown to be reactive against VLPs from human GII.3 noroviruses, but not others [@pone.0067592-Oliver1]. Recently, Li *et al.* (2010) have identified a broadly cross-reactive MAb (N2C3) that binds to an epitope that spans residues 55--60 of the norovirus capsid protein. Although N2C3 can bind to multiple VLPs from GI, GII, GIII and GV strains, several strains (e.g. GI.3, GI.9, G.13, GII.5, GII.6, GII.14) have shown mutations that abolish the interaction with the MAb. In this study we developed and characterized a MAb that targets an epitope (corresponding to residues 52--56 of the NV VP1) mapping near to those described by Li *et al.* and Oliver *et al.*, and that is apparently highly conserved among all norovirus strains ([Fig. 3a](#pone-0067592-g003){ref-type="fig"}). After immunization with the capsid protein from a GII.3 strain, Yoda *et al.* noted that 6 out of 10 MAbs recovered bound to epitopes localized between residues 31--70 [@pone.0067592-Yoda1]. Together, these results suggest that the S domain is a highly immunogenic region of the VP1, and because it is highly conserved, is a good target for the development of cross-reactive antibodies.

Over the last two decades the awareness of norovirus as an important pathogen of gastroenteritis has risen, mostly due to the improvement of detection techniques [@pone.0067592-Geginat1]--[@pone.0067592-deBruin1], [@pone.0067592-Atmar2]. However, the lack of an *in vitro* culture system or a robust animal model, coupled with the great diversity associated with this virus, has hampered our knowledge of the immune response and pathology. Thus, this broadly cross-reactive MAb should prove useful in the diagnosis and study of noroviruses, and may lead to new insights in norovirus epidemiology, disease and vaccine development.
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